General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



:asa technical memorandum NASA TM 7528^ 

SOUND PROPAGATION IN A DUCT OF PERIODIC WALL STRUCTURE 

U. Kurze 


fMASA-'rn-75284) SOUHD PBOEAGATIOK IN A DDCl 
PEbJoDIC wail SIBNCTUEE ional 

Aeronautics and Space 
HC A03/HF A01 




B78-24901 


Onclas 

21222 


Translation of "Schallausbreitung Im Kanal mlt perlodischer 
Wandstruktur, " Acustica, Vol. 21, No. 2, 1969 ^ pp . 7^-85. 


1 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D.C. 20546 MAY 1978 



STANDARD TITLE PAGE 


1, Raporl No> Government Aecaitlon No. 

SA TM 7^281< 


T.H. ond Subtitle SOUND PROPAGATION IN A 
DUCT OF PERIODIC WALL STRUCTURE 


7, Aullior(>) 

U. Kurze 

Bolt, Beranek & Newman, Inc, 
Cambridge, Mass., USA 


9. Performing Orgonfiotfon Nome end Addreie 

Leo Kanner Associates 
Redv^ood City, Caiifornia 9^063 


3* Catalog Ho* 


6» Performing Organiiolfon Code 


8, Performing Orgonixolfon Report No« 


lOe Work Unit Ho. 


II* Contreot or Grant Ho* 

NASw-2790 


13. Type of Report ond Period Covered 

Translation 


12. Sponioring Agency Nome and Addreie 

National Aeronautics and Space Adminis- • s.on.ormg Agency cod. 
tration, Washington, D.C., 205^6 


)Se 8opp|ernenldry Nofet 

Translation of "Schallausbreitung .tm Kanal mit periodischer 
Wands truktur, " Acustica, Vol. 21, No. 2, 19^9, pp. 7^-85. 


16, AbitrocI 

A boundary condition, which accounts for the coupling in the 
sections behind the duct boundary, is given for the sound- 
absorbing duct with a periodic structure of the wall lining 
and using regular partition walls. The soundfield in the 
duct is suitably described by the method of differences. 

For locally active walls this renders an explicit approximate 
solution for the propagation constant. Coupling may be 
accounted for bjf the method of differences in a clear manner. 
Numerical results agree with measurements and yield infor- 
•mation which has technical applications . 


17, Kay Words (Selected by Author(il) 


16* Diitribulion Stafamen^ 


Unclassified-Unlimited 


Unclassified 


Unclassified 


21* Ho* of Poges 

22. Prie. 

28 




NASA-HQ 















SOUND PROPAGATION IN A DUCT OF PERIODIC WALL STRUCTURE^ 

U . Kurae 

Bolt, Beranek & Newman, Inc., Cambridge, Mass., USA 
1. Introduction 

The duct of periodic wall-structure as a wave guide for 
acoustic or electromagnetic waves is treated several times in 
the literature with a transmission theory in which the effect 
of the periodicity is either ignored by three-dimensional 
averaging over one period [13 [2] or is to be taken into 
account by three-dimensional sectioning only in the form of a 
ladder network [ 3 ] [^]. The period, which is determined by 
the distance between transverse gaps and screens in the duct 
or resonators and the series of various absorbers and the 
wall lining, must in the first case be very small with respect 
to the V'/avelength. In the second case, the distance between 
inhomogeneities in the wall of the duct must be large enough 
in order to be able to describe homogeneous duct suctions by 
the propagation conditions for a basic mode and the higher 
modes occurring at the inhomogeneities by concentrated elements 
of a network or reflection and transmission factors of a 
wave guide. 

Both the formation of the average and the ladder network 
consideration presuppose a locally active duct wall for which 
the wall conductance as the ratio of the sound particle velocity 
perpendicular to the wall and the pressure is independent of the 
field structure of the stimulating sound. The precondition is 
always met when a sound wave striking the wall is propagated 
in the wall perpendicular to the plane of the wall. Thus the 
calculation of homogeneous, sound-absorbing ducts leads to the 
development of a chamber damper based on a subdivision of the 


1. Dissertation excerpt, Berlin Technical University, 1968 
^Numbers in the margin indicate pagination in the foreign text. 



absorber into very small chambers by moans of solid partition 
walls. In ladder netwoi’k arrnnfjements the sound propacation 
which is exclusively perpendicular to the wall can exist in 
solid porous material between resonators with a small couplinp 
surface in the wall or between screens in the duct. 

The technical construction of chamber dampers effective 
over wide frequency ranf;e5 on tho one hand does not allow 
very small chambers because of the cost of material, and on 
the other hand it does not allow a solid porous absorber on 
the duct boundary because of the small wall resistance required. 
It can be seen from the example shown in Flc, 1 how the form 

of practically applicable 
dampers therefore lies between 
the limit cases of homogeneous 
wall lining and ladder network 
structure. The duct boundary 
for any arrangement of absorbent 
material in the chambers is 
advantageously characterised by 
means of a limit condition on 
the s = h line as with a 
computer model with very narrow 
partition walls. This also makes possible a comparison with 
the results valid in the computer model. However, sound 
propagation occurs parallel to the duct between the pax’tition 
walls at least to a depth of s “ h* as with the model of the 
ladder network, so that at o = h no locally active boundary 
can be assumed. 

Calculation of the wave propagation in periodic structures 
is possible in pv'inciple if the field is described with three- 
dimensional partial waves. The applicability of this method, 
which is common for electromagnetic delay lines, to acoustic 
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Fig. 1. Model for noise 
damper calculation. 

(a) homogeneous wall lining 

(b) ladder network 

(c) technical version of the 
chamber damper. 
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wave guides has been studied by Mechel [ 5 ]. It supplies the 
desired propagation constant over one period In the duct 
generally from a system of transcendent equations. Mechel 
was able to produce the conversions for the velocities 
perpendicular to the wall for a comb structure without absorbtion 
material with the assumption of simple relationships. However, 
if the prerequisite of a locally active boundary is maintained, 
the results decribed only the effect of the tooth width. 

The effect of the chamber width in the case of very narrow 
partition walls as the teeth of the comb, such as occur with 
noise dampers, is not ascertained in this way. 

The present study concerns the description of the boundary 
condition for a duct wall subdivided into broad chambers, taking 
into consideration coupling in the fields behind the wall and 
deduction of the propagation constant in the duct over one 
period which is about equal to the chamber width. To this end, 
special efforts are made to obtain explicit approximations. 

2. The Absorber Divided into Chambers 

2.1 Measurement of Vfall Admittance 

The question as to what extent a non-locally active duct 
boundary occurs in the case of a wall subdivided into chambers 
can be answered using measurement method to determine the local 
variation in admittance on the line s = h: 

> '■ I 

Jl (.11 /' 1 /, (X) 

For measuring wall resistances W(x) in ducts with a noise 
field on which more precise data is not available, the usual 
methods fail which give the resistance from the reflection 
factor. Another method can be used, however, which from one 
measurement permits direct reading of the real and imaginary 
portion of the complex wall transmittance with respect to one 
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parumetoi’i 


The basis of the method is the relationship: 



P ** 



which is valid with the following e^iuation in a free sound field : 


W 


V.' p 

V s. 


K « 't ji" 


With p “ splitting up into real and imaginary 

parts turns out to be: 


A ■■ I « i! ill)]] 

‘"’I H I 
:*l 
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3b) 


li^rom this we can directly deduce measurement rules foi* the wall 
admittanc*^ multiplied by the. angular velocity w and the 
density of the igas p in front of a wall. If we measure the sound 
'pressure level , 


(JO 


then'* the slope of the curve at point 3 si n piotteol along the 
line X «' Xq is : 




iIm y^:ii »5h.. 



Plotting the level difference for the width do « h according to 


V 


1-. The method was also given by Mechel Cb'3* lb "also serves 
to measure the "noise radiation at the outlet opening of 
ducts," An article by the author of this paper has been 

published on thivS and has led "to the development of a device 
for complex sound field measurements" 


the graph shown in Pig. 2 gives us: 




\/, h dL j| . ] *>» 'j' /i 1 f 

s.Ttiii lb 1, “ I 11 “ J‘ ^ 


The voltage on the sliding 
contact of the level recorder 
-j- which records the level L(rQ,a) 
is : 


Fig. 2. Plot of the level gradient 
gradient and phase gradient . 




If we form the difference with a fixed voltage Uge^' • '* , whose 
phase (j)g is less than <{t(xg, h) then we obtain: 

in the vicinity of z = h. The slope of the voltage recorded 
with a linear recorder at the point'" z = h is : 


<1// „ iVi 

- - - i * ,i , * , 

•'“ lb Jyj,A 


For plotting purposes the voltage "difference AU for the width 
Az = h is conveniently related to the voltage Ug as per Pig. 2; 


\lf I, iW 

i'll ii|| ils r,.k 


1 I/ ' j- 


CIO) 


2.2 Examples 

fi' 

The practical execution of the measurement was carried out 
in a experimental setup as shown in Pig. 3* A duct With an inside 
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cross-aection of 0.1 i\>j x 0.25 m 
was lined ove.f a lengtih of ,1.8 m 
on a broad side with an abaoi'ber 
divided into oompartmenfcs of 
width 1. It was stimulated from 
one end with pure tones whose 
frequency was controlled with 


Pljj. 3* Mefauremenb arranee- 
ment fox'* del-^.h'mining the local 
wall admittance in a duct lined 
with absorbent material. 


the metei’ Z. fhe opposite end 
was closed with a cover which 
was alnnst reflection-free for 
frequencies above 150 Hs. 


The changes in sound pressure transverse to the axis of the 
duct were measured with a continuously ad^iustable probe tube 
connected to a one-inch condensox' micx’ophone M outside the duct. 
Because of the small inside diameter of the probe (3 mm) , it 
was possible -to scan the sound field in a poinbwlse fashion. 


The level of the voltage given off by the microphone 

H 

\ms recorded after selective amplification via a tern Ctertlai*y?j 
filter - analyaer with the sound recoi'dex^ PS. To measure the 

i} 

phase a voltage proportlpnal to the slide contact voltage of 
the sound recorder was applied to the differential amplifier 
D. The required reference voltage was provided by a second 
microphone which was placed in the duct so it could be 
moved in the lengtiiwise direction in order to adjust a desired'j! 
phase. The difference of the voltages adjusted to the same 
amplitudes with regulator R was recorded with the linear 
recorder LS. 

n- 

' ^Measurements of wall admittances were carried out for 
various airangements of a thin absoi‘'bent layer of Slllan 
SpT/100-20 whose flow reslstaiiGe was determined to be r’ =1 
first of all with pai'aHel flow at about = tO ,Rayl, i.,bv 
with x’eapeeb to the chai’acteristlc resistance of air. On one 
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side the layer oX‘ absorbent material, as shown in Fig. 3, 
was applied centrally in compartments 20 cm deep, and on the 
other side directly on the duct. The loci of sound' and 
phase measurements are plotted in Figs. 4 and 5 on tv/o lines- 
symmetric with respect to the middle of a compartment of width 
b = 10 cm at distances = 42.5 cm and Ax~= 47.5 cm from 

the beginning of the absorber section. In comparison with the 
theoretical loci for wall admittances with perpendicular 



Measurement points Measurement points 


Pig. 4 . Loci of the normalized 
local v;all admittance. 

X — X Measurement at x = 

42.5 cm 

0**0 Measurement at x - 

47.5 cm 

Calculation for perpen- 
dicular sound wave incidence 
and an absorbent layer with 
r’ = 1. 


Pig. 5 . Loci of the normalized 
local wall admittance. 

X — X Measurement at_, x = 42.5 cm 
O’ ’0 Measurement at x = 47-5 cm 
Calculation for perpen- 
dicular sound wave incidence and 
an absorbent layer with r’ =1 




sound wave inGidGitce, the Influence of the compartment width 
is obvious with strong local variafei'U'ls for the measured 
admittances ^ ^ f 

A sound wave incidenee' amplified over the entire width of q 
the compartment with respect to the average value in the 
section elos,e to the transmitter is characterised by an increased 
x*eai portion of the wall admittance, !The sound wave already, 
dampened on average hy the duct up to the section of the 
compartment entrance away from the transmitter their allows 
an increased output of sound from the ■chamber into the duct 
so that the real portion of the wall admittance Is reduced or 
even becomes negative. 

2.3 Boundary Gondltion _ 777 

l;he local variation in wall admittance in the case of a 
duet wall divided into compartments is a property on the one 
hand,-Of the exciting sound field and, on the other, the 
geometry and material constants of a porous -absorber in the 
compartment, Xn order to formulate a boundary condition, the Vr: 
effects of the excitation conditions have to be separated from - 
the wall pror^erties. This is possible with a mode represenation 
with which t'iie sound field in a compartment can be completely • 
described. The px*opagation condition for each mode' is given 
by its chax’acteristic wave impedance, The interaction in each 
case of two opposing modes can be formulated at the compartment 
entrance,-as a boundai’y condition for the duct . 


In.- the case of a rectangular compartment with" hard 


partition walls divided by the interval b, the?foliowing mode 
equation is valid; - 






li 111 


( 11 ) 




whert|ce ib follows with the -standardization f^Cb) « 1 that; 


ptn AJ 



^ >■< 


A 


( 12 ) 


If the sound pressure p(x,h) is known only at m roints in the 

(! 

compartment entrance, then the discrete Fourier synthesis with 
m clearly defined inodes is to be used. It representation with 
column vectors for the pressure distribution and mode amplitudes 




*--P I. 

i'-’Ui 


VI. 


( 13 ) 


(1^0 


and with a coefficient matrix ? 4 

- ' \v/ ■' 


c 


/I ^11 • • • . 


“ ^ ^'1 S ' 




V -I 

b 


( 15 ) 


gives the following equation in place of- (12): 


/78 


Ph - OA. 


( 16 ) 


Conversion to mode analysis looks as JJ^'llows : 


A = 0-lp^. 




( 17 ) 


The inverse matrix C is especially easy to form if the grid 
points at 

.. 1 . V? 

( 18 ) 


i, -V 
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are equidisbant and symmetrical to the duct walls. Essentially 

then we only have to form the transposed matrix of C to obtain 

-1 

the i^^verBe matrix C ; 



(19) 


The mode expression (11) now leads to the formul^.tion of a 
general boundary condition by which with the grad^lent formation 


cp 




(.f; y 


phi .id 


*1 -‘t *■'>« 



• il 

I) 

,1 

( 20 ) 


and a definition, possible according to Eq. (3)j of standardized 
- admittances for the modes at the compartment entrance 


//ill] 

lUi) k ■' (21) 


the pressure gradient at each point x infront of a compartment 
is combined with the pressure curve, charaeterlzed by the mode 
amplitudes A^, in front of an entire compartment width: 




b ■ 


( 22 ) 


By exclusively considering m pjressure gradients at the point 




'PUhY 




(23) 




0 ^* 



iharacteri’^ed by Eq. (18), only in-l sstandai'dised vfall atlsiiittancee 


of tliu higher modes ean be determined, whioh are summarised 


as follows in a diagonal matrix: 




I. 




(2J|) 


In place of Eq.. (22), the follov^ing boundary condition is then 
valid Vfith Eq. Cl'/) : 


IV 


I 


ChC M'c,^ 


25) 


In c 0 miecbiiic.-''the pressures with the pressure gradients, a 
sliiit-larlty transformation 


me U 


(2d) 


must be used on the admittance matrix L. 


The standardised wall admittances L„are 'clearly determined 

V 


by the form of a’'’ compartment and the absorbent material -in it 
For example, the solution of the telegraphic equation 


i[ 2-)* ) 


t ■■ p 




(27)- 


for a rectangular compartment of depth d filled with a homogeneous 
but anisoti’opie absorbent material in which the wave numbers 


L i 


■■ If 


( 28 ) 


■ I I ■ i j I 


1 t s. 


... . ■■ ■ 


are increased with respect to the. wave number k in air due to 


structural factors of the absorption material or x» and becomes 

A Z 

complex due to the length-specific resistances E„ and E„, gives' ' 

}/ ■ A Z 

the Standardised , mode admittances : 29 


/• 



The reaction of the hard end of the compartment is characterized 
by tanh. It is negligible" if the higher modes excited at the 
compartment entrance in narrow compartments fade away quickly. 
Then in the ..special case of isotropic absorbent material we 
obtain: 



In narrow compartments without absorbent material or with 
absorbent material in a depth in which the higher modes have 
already --subsided, according to Eq. (30) ' is^ real and 

independent of frequency. By contrast, in narrow compartments 
with absorbent material becomes imaginary and proportional 
to frequency, 1. e. at low frequencies it becomes much smaller 
according bo the magnitude. Substantially greater values and 
a change in sign for occur if modes are propagated as waves 
in wider compartments. Using measurement techniques it was 
possible to prove this behavior from the results plotted in 
Figs. 4 and 5 by eliminating the excitation conditions with 779 

the additional measurement of the sound pressure curve at the 
compartment entrance. 



12 



okiginal page n 
0 ^ POOR Qvfim 


3. Solution of bhe Wave Equation in a Periodic Duct wlfch 
Couplinp;B In fahe Wall Lining ’ 


To calculate the sound propagation In a periodic duct in 
which the boundary condition ( 25 ) is valid for ^ach section 
with regular partition walls in the wall lining, a periodic 
solution , 


pi,.r. r) ; ■ p'* ptr I-/, il 


(31) 


of the wave equation.-, 


^'1* f/' , 

r » " * 


i> 0 


(32) 


is sought which gives the propagation constant y as a function 
of the frequency, the dimensions of the rectangular duct and 
the standardized admittances of the compartment modes. In 
place of a solution which is possible in principle with the 
setting-up of partial waves which leads implicit representation 
with transcendental function^, a differential calculation 
adjusted to the discrete Fourier analysis of the limit values 
is used frora^ which explicit approximations can be derived. 


3.1 Two-dimensional Differential Approximation 


Using differential calculus the continuum of the duct is 

// 

broken up into individual elements, on the connecting^points of 

which the sound field is ex- 



Fig’. 64 Scanning field for 
differential calculation. 


clusd-vely considered. As shown 
in Fig. 6 , for this purpose the 
x,z plane' of the duct is 
covered with a scanning field 
which subdivides the compartment 
width b, which is about equal to 
the period lenght 1 , into m 
sections and the duct width h 



" ' \ 

Into n equal aections. In each acannins element with the 

' ! 

dimensions Ax « b/m and Az « h/n the difl'erential quotient 
of wave equation (32) are approximated by central differential 
quotients. At points with the scanning coordina|*^s i,J this 
gives the differential equation 


wherein; 


Ml,/ I li jiPii t.,r' „ii f jv,,, I 


(33) 


A hi 

Am 




I r 


O'!) 

(35) 


The differential equation/ls to be bitten down for all 

/; i ) 

scanning polntai,j which lie'-within a period of the solution 
range qf the wave equation in"' the ^uct and -on its boundary. 

For a clear representation, in acct\rdance with Eq. (13) the 
pressures of a scanning line are combined with the number j into 
|i column matrix Pj . The pressures outside the basis area are 
connected to the pressures within the period in question by 
two independent periodicity conditions 


h‘.:i 


I’ i 




(36) 


in accordance with Eq. (31), with 1 b. The matrix representation 
of the differential equation systems for all lines j looks 
as follows; 


!•: 1) !■: 


( 37 ) 


E I) li/ \i\ 


W ... 1; • 


In this arrangement E stands for the unit matrix and 


1 ) 


a 

1* 


. a i\ 


ai' ' 


a 

. I 


(38) 


The vectors Pq and comprise pressures outside the duct 

boundaries and are to be expressed using the boundary condition 
on the hard duct wall and the absorbent duct wall by vectors 
within the duct. With the scanning situation as shown in 
Fig. 6, the hard duct wall as a symmetry line determines the 
following relationship; 


(39) 


On the absorbing wall the differential approximation of 
boundary condition (25) gives the following; 


IV— ? JV 

h h 


(ilOi) 


The boundary vector which is "not obtained |directly using 

the differential method is formed from the arithmetic mean of 

0 

the vectors adjacent to the boundary. Thus we obtain from 
Eq. (ilO): 


id # 1 '• 




(41) 


With the elimination of PQ and vre get the following 

homogeneous set of equations from Eq. (37): 


15 

15 1) 15 


15 I) 15 I , 
ii J) -H •') 
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The desired eigenvalues yh which are contained In the matrices 
D are given by the zero points of the ^coefficient determinant. 
Their continued fraction representation looks as follows: 


il.i l> I'. . ) 

I ii> I 

III [II ...|ii«i-:| ' 


II 


II . 


(i<3) 


A polynomial representation can be given If using 


1 If •' I 


II i: 
i; II i: 


i: II i: 

i; II 




we define a polynomial of the n-1 degree for the detei*mlnant 
with (n-1) lines. The coefficients of this polynomial are then 
equal to those of the function U^(x)/±/T-x , whereby (x) Is 
the Tschebyscheff function of the second kind of degree n 
C7], [8]. With definition (^^ ) , the eigenvalue determinant of 
Eq. (42) can be represented by 


or by 





.i.-i l 



■' “i l- (“l. 



in !•: i (i-: . ' ! n. 

i . 1 I \ 2 II I I 


(^5a) 



(45b) 


in which r^ and s^ are to be formed from the coefficients of 


(45a). The 
his mai 

of which In a long duct only the one with the smallest 


the Tschebyscheff functions pertaining to Eq, 
polynomial of the nth degree of D accordingly his many solutions 


amount of damping is interesting. The explicit solution for 
the thus characterised fundamental mode as a function of the 
boundary condition is only possible for small n's, i.e. for 
a few intervals over the compartment width. However the 
accuracy of the results is good for ducts which are narrow in 
relation to the wavelengths and thus which are especially 
Interesting for noise dampers. 


3.2 Extention to the Homogeneous Duct Theory 

In a duct on the absorbent wall of which no coupling 
occurs, the elements Ly of the admittance matrix are all equal. 
With Eqs. (21) and (26), the following relationship holds: 



n 


hi 


j 1' '■ 


(i|6) 


The period in the duct is b/m. The limit transition to an 

■'I 

infinitesimal subdivision with m -»- «» is equivalent to an 
interval subdivision with m = 1 and ,b 0. ilor m = 1 the 
matrix D deteriorates to: o 


!) 




(n) 


2 

In the limit transition b ^ 0, with cosh yh - 1+1/2 (yb) and 
the abbreviated terms (3^) and (35) i the following equation 
holds: 


I) 




(48) 


Eq. (45a) to be used on simple numbers with Eqs . (46) and 
(48) gives the follov^ing implicit result known from Morese [9] 
and Cremer [10] in the limiting case n 



but at n « 2 already the very good explicit approximation! 
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,A/,| 

ill,, 
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4 

. jA/j«<’'' 


(50) 


The propagation constants of two modes are characterised with 
two signs in the radicand. The negative sign belongs to the 
more weakly damped fundamental mode. In accordnce with Eq. (50) 
it is no longer possible to make a distinction between the 
two modes if with 


VrU 


(51) 


the condition given by Cremer for this purpose for the optimal 
wall resistance 


"u 

C t" /■" /i 




(52) 


is almost fulfilled in which the greatest damping of the /8l 

fundamental mode occurs. The propagation constant 

/ 

to be ca.lculated for Eq. (51) represents a good approximation 
for the exact optimum value 


t j5,2l 

Of the homogenous duct . 


(5^) 





The damping constanfc in 
the form of the real portion of 
Eq. (53) is plotted in Pig. 7 
in comparison with the damping 
constant for the optimum wall 
resistance,, according to Eq, (5^)« 
Only at higher frequencies or 
wider ducts does a small and 
restricted error occur. 

The frequency response 
of the maximum damping in the 
homogeneous duct shows the 
quality of the differential 
approximation only, in the 
extreme case, but it is important 


Fig. 7. Calculated values of 
the damping constant Re {yhl 
as a function of the frequency 
parameter kh/v. 

(a) W = pc. 

- — - Homogeneous wall, cal'-’ 
culated values as per 
Eq. (50),, 

XXX, in a wall subdivided into 


only for very narrow band noises. 
For wideiiband noises the relation- 
ship between the optimum ^^?all 
resistance and frequency cannot 
be established [llj . In this 
case, largier wall resistances 


compartments of width b = h ar^ more favorable for which, 
without absorbent material i.r - ^ ^ 

at the ooinpartment entranee ““ “ ^ 


opt ' 


treated. Calculated values for 


Homogeneous wall, calcula- 
ted values as per Eq. (53), 
Homogeneous wall, calcula- 
ted values as per ,Eq. (54), 
XXX in a wall subdivided into 
compartments of width b = 
h without absorbent 
material at the compart- 
ment’. entrance , calculated 
values with Wo as per 


this wall resiiStance are determined 
according to Eq. (50) and also 'v, 
shoTO in Pig. 7 in a frequency \ 
range in which simple \ 

approximations fail. In com- \ 
parlson with the values which 
can be read from the Morse and 


Eq. (511, 

000 Maximum damping 
Re{yh} 


Cremer damping charts r-jerrors 
of less than 5 % arise which are 


Just less than the reading 
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(Accuracy. Thus the result given by Eq,. (50) can be used in ^ 
place of the damping chart drawnHp evaluate Eq. (49) in all 
technically interesting cases if a numerical determination, 
with a computer, of the propagation constant as a function of 
the wall resistance requires and explicit representation. 


3.3 Effect of Couplings in the Duct Wall 


Initial information on the effect of the compartment width 
is given by plotting Eq. (43) for narrow ducts in which with a 
large wall resistance V/q an almost flat, weakly damped sound 
field is present. Only n = 1 scanning line over the duct 
width and m = 2 scanning lines with narrow compartments have to 
be taken into account . For the familiar approximation equation 
qX the propagation constant , 
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the calculation gives a correction factor: 
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In the case") of compartments without absorbent material at the 
enterance, for which , the correction factor is almost 

in agreement with the result of a more rigorous calculation by 
Collin [12] for the analogous electrical problem. Collin gives 
a ln2/Tr-fold orifice correction f,pr the compartment width b as 
an addition to th(‘^ duct height h(of a rectangular duct and an 
equivalent deduction from the compartment depth. This gives 
a damping reduction in the duct with the factor; 
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In addlttin to the good agreement of the numerical factor, 

( 56 a) also gives quantitative information the ef;feQb of 
absorbent material in the compartment. is already very 
small with small? losses at the compartment entrance, so t^hat 
no correction factor has to be taken into account . 

5v-'with only two reference lines over the compartment width 
an approximation for higher frequencies or wider compartments 
is no longer admissable. nevertheless, qualitatively correct 
relationships are still evident in the vic-irjlty of the first 
parallel'’ resonance of the oompartinents at = 'Jf* There the 
duct damping, according to the approximatio^l with n = 1 and 
m « 2, turns out to be proportional to the product LqL^. 

If as a result of small losses in the compartments according to 
Eq. (29) becomes small, the sound px’opagation is only 
slightly damped. Compensation Is possible by means of an 
especially large admittance Lq. This has already been pointed 
out by Ingard ancL Pridmore-Brown [13] on the basis of 
experimental findings. 


More exact calculated results for sound-absoi’bent wall 
linings were determined with a scanning field of n = m == 2 and 
are plotted in Fig. Y- Assuming that there is no absorption 
material at the entrance of the compartment, calculated value's 
with a scanning form factor of a = 1 for thd wall resistance 
« pc show an increasing reduction in the damping effect \fith 
increasing frequency in contrast to the case of the homogeneous 
duct wall. With the first parallel resonance in the compartment 
at kh « IT, the damping is 0, if without absorption material the 
vmll admittance of the only considered first upper mode is 


The reduction in damping is even greater with the same 
scanning field in the vicinity of the optimum wall resistance. 
This is shown by calculated values in Pig. 7 for the wall 


resistance V^q according to Eq., (51) with unobstructed coupling 
°-t the compartment entrance, Taking into consideration a higher 
compartment mode, however, the route in Eq. (50) giving the 
difference between the bottom mode and top mode in the duct is 

fi . - . • 

changed SQi,>that the damping calculated with Eq. (51) no longer 
represents the maximum value. From the new zeropoint of the 
route a smaller optimal wall resistance Wq with increasing 
coupling can be determined in which case the maximum damping 
in the duct established itself with a disappearing difference 
for the bottom mode and top mode. For maximum coupling at 
= TT, the calculated values of Re to be siire lie 

below the curve for the' hotnogeneous duct in Pig, 7, but not 
to the extent as is calculated in the neighborhood of the 
wall resistanq<2 using Eq. (52). Again a calc((ilated result for 
the- frequency parameter kh/ir = 1 is not given, since there 
no damping is produced with = 0, 

I 3.^ Examples ,, 

I 

■ Numerical analysis of the differential calculation is 
performed on a small digital computer using a scanning field 
with n = 2 lines over the duct width h and m e 4 jlines over 
the compartment width b for two technically"^nteresting noise 
damping arrangements. The results are compared with measurement 
made in a duct as shown in Fig. 3 with the wall linings 
descri^'ed in section 2.2. ,, |' % 

ji \ 

Assuming local action of the wall ilnings, the propagation 
constant in the duct as per Eq. (50) is calculated as a 
function of the frequency parameter kh. The real portion 
or the damping = 8.7 Re h dB with respect to the length 
h is shown in Figs 8 and 9* They show characteristic damping.-* 
maxima when the compartment depth d is an odd-numbered multiple 
of a quarter wavelength. The damping minimum occurring in 
Pig. 8 at the resonance of X/2 is avoided in Fig. 9 by the 
absorbent material arrangement. 
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Pig. 8. Calculated values for Fig. 9. Calculated values for 
duct damping = 8.7 Re{Yh}dB duct damping 13^ “8.7 Re{Yh)dB 
as a function of the frequency as a function of the frequency 
parameter kh for different parameter kh for various flow 

flow -resistances r' and locally resistances r' and locally active 
active duct walls. duct walls. 


When comparing with measured values the strotlg dependency 
of the propagation constant on the exact value of the flow 
resistance of the absorbent material layer must be taken into 
account. As the calculated results plotted in Figs. 8 and 9 
show, changes of as little as 20 % have a considerable effect 
on r’ at the compartment resonance frequency. In practice, 
such tolerances, within a sample of absorption material must be 
-taken into a&^nunt . 


Calculated results on,.the effect of the compartment width, 
which is taken into account by the propagation of three higher 






Fig. 10. Affect of the com- 
partiuent width on duct damping 
Dj-j. (a) Calculated Values as 
a function of fr,eq.uency 
parameter Ich, (b) measured 
values as a function of the 
frequency f. 


modes in the compartment* are 
plotted in Pigs, IQa and 11a, 
As Fig, 11a shc-jis, the effect 


without absorption material at 
the compartment entrance is 


already clearly noticeable at / 

it 

the first lov? resonance, even (I 

ll 

If the compartment width is 




still small with respect to 
the wavelength. By contrast, 
as Fig. 10a clearly shows, 
in the presence J}t more porous 
absorption material at the 
compartment entrance it first 
causes a reduction in damping 
only Just below the first 
parallel resonance in the 
compartment . 


The parallel resonances 
in the compartments have damping 
minima which with simultaneous 
V- antiresonance ,in the compartment 
depth .are strongly pronounced, 
however in conjunctioir with a 
resonance they remain restricted 
to a narrow frequency range. 

At higher frequencies,- 
resonances;, of the upper mode in 
the compartment depth determine 
Additional damping maxima. The 
frequency parameter of the first 
maximum is estiinatetr lising 



Fig. 11. ElTect of the corapartitienfe width on the 
dueling damping Dh. ta) Calculated values as a 
■xunction of the frequency pararifter kh, (b) 

(b) measured values as a functidn of the frequency 

f . 


Eq. ( 29 ) from the condition; 


I ’‘■t 

( 57 ) 

With d/h » 2 we obtain foi^ b/h = ^ the frequency parameter ■■ /8^ 

kh = b/h *= 2 the value Idi « -n/k v„v and for b/h = 1 

the value kh = ir/k i-'TT 


.11 «/ 


l !> 


25 



I? 

- Oomparative measurements were carried out in a rectangular 
duct lined on one side with, absorbent material with a width of 
h = 10 cm and a height of H = 25 cm for compartment widths: of 
b = lb, 20 and ^0 cm up to f = l400 Hz. The measurements were 
made with pure tones and also with narrow band noises . In all 
of the arrangements the absorption material remained unchanged. 

Only occasionally it was removed from every other partition 
wall. The sound pressure level plotted in a dynamics range 

- - of 50 db had a strictly linear curve with deviations of less 

than 1 db from a straight line, as long as the higher compartment 
modes as near fields at the compartment.'/ entrance produced 
exponentially subsiding surface waves in the duct which no 
longer significantly “affected the sound field on the microphone 
placed in the middle of the duct. 

The measured results for the damping vi?ith respect to the 
duct width are shown in Pigs. 10b and 11b. The quantitative 
agreement with the "calculated values is satisfact'Ory . Small - 
deviations arise at low frequencies due to tbe duct cover 
which is , not completely reflection-free and also at higher 
frequencies at which the 2-cm thickness of the absorbent layer 
has an effect. Otherwise, however, the effect of the 
periodic structure with the influence of transverse and longi- 
tudinal resonances of higher modes in the compartments turns 
out to be in agr'eement with the calculation. Only the extreme 
values limited to very narrow frequency bands in the damping 
curve appear less pronounced, which is to be attributed to 
small irregularities of the compartments and, at .higher 
frequencies, especially to the finite thickness of the , 
absorption material layer. Practically speaking, there- the - 

-‘I 

incresed eigen frequency of the wide compartment, in comparison 
withythe one-dimensipnally active, narrow compartments, has a 
smoothing effect on the frequency response of the propagation 
constant. In comparison with the homogeneous duct, the 
reduced but wide band damping effect of the measurement example /85 
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wlbh coinpai'bmentjB having a width oA’ h « 20 cm in Fig. 11 b 
makes the principle interesting, fi’tit a technical standpoint, 
of the absorption material arrangement'. in the form of a 
thin plate midway in the depth of the compartment . 

t would like to thank Prof. L. Greiner, Ph.D. Eng., for 
his encouraging interest in this study. 
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